Control of biotechnological processes requires the use of reliable, robust sensors capable of providing real-time information on the main variables of the process. Sensors for monitoring pH, oxygen, carbon dioxide and ammonia have long been available. On-line measurements of biomass can also be carried out using several sophisticated biosensors, but determination of microbial activity is usually carried out after analyzing the kinetic data obtained from the bioreactor. Since microbial growth is brought about by an enthalpy change, heat dissipation measured by calorimetry represents a suitable procedure to monitor metabolic activity. 1) Calorimetry has the advantages of being nonspecific and non-invasive, and insensitive to the electrochemical and optical properties of the system investigated. 2) Improvements in sensitivity of benchscale calorimeters have made it possible to monitor several bioprocesses. [3] [4] [5] Fed-batch cultivation has been carried out in benchscale bioreactors by several research groups based on the metabolic heat production rate.
6) The RC1 developed by Mettler-Toledo (Switzerland) for chemical processes was modified for bioprocess monitoring and control. 7) The results obtained from Bio-RC1 confirmed the role of biocalorimetry in biotechnology and proved its importance in the thermodynamic analysis of biological systems. Progress in modern calorimetry aims to increase sensitivity and long-term stability and to achieve the ability to perform multiple measurements in parallel. 8) Calorimetric profiles provide integrated, quantitative information in terms of combined mass and energy balances of microbial growth. Coupling of biokinetics and bioenergetics should help in the effort to understand more about microbial growth processes and to pinpoint the unknown anomalies occurring during the biodegradation process. 9) Especially, monitoring the biological treatment of wastewater requires knowledge of metabolic behavior of working organisms in presence of mixed substrates. Predicting heat-yield coefficients and correlating them with stoichiometric yields in case of mixed-substrate and mixed-microbes systems should bring biocalorimetry to an advanced phase. Treatment and safe disposal of tannery soak liquor is a major problem in leather industry, and a biological mode of treatment is one of the promising techniques. Soak liquor is generated from a preliminary operation in tanning process, in which salt-laden hides and skins are soaked in pits containing water in order to remove excess salt for further processing of skin to leather. The effluent arising from soaking operation (soak liquor) is mainly composed of dissolved protein, NaCl, and small amounts of carbonaceous matter. 10) Several research groups are now working on biological methods of treating soak liquor, either by diluting the salinity or by mixing saline y To whom correspondence should be addressed. Tel/Fax: +91-44-24912150; E-mail: msuri1@vsnl.com stream with other tannery wastewater streams. In some studies, halotolerant bacterial strains have been employed in the biodegradation of soak liquor through the addition of co-substrates for enhanced biodegradation. 11) In this report, the results of a calorimetric investigation of the influence of glucose on the growth of P. aeruginosa in a complex growth medium are presented. This study had the following concrete objectives: To portray the metabolic behavior of P. aeruginosa in presence of mixed substrates by means of calorimetric profiles, and to estimate heat-yield coefficients in order to analyze the contribution of catabolic and anabolic reactions on overall metabolic activity of P. aeruginosa grown in a mixed-substrate system.
Materials and Methods
Microorganism. The organism used in calorimetric measurements was isolated from tannery soak liquor, and was identified by the 16S rRNA sequencing method as Pseudomonas aeruginosa. The isolated strain was halotolerant (up to 5% NaCl by wt) and optimum growth was observed in nutrient broth medium, pH 7.0, 1% (v/v) inoculum conc., 5% (NaCl by wt) salinity at 37 C. P. aeruginosa was maintained at À20 C in a 30% glycerol stock solution. A loop full of glycerol stock was streaked on nutrient agar plates and incubated for 24 h at 37 C. Well-grown individual pure colonies of P. aeruginosa were transferred aseptically to NB media and incubated in a shaker until it reached its exponential phase, and this served as inoculum in calorimetric experiments.
Media. Nutrient broth (NB), a complex growth media that has composition similar to tannery soak liquor and is composed of dissolved protein and NaCl was used for cultivation of P. aeruginosa in calorimetric experiments. NB medium: peptone 5 (gl À1 ); beef extract 1.5; yeast extract 1.5; NaCl 5. The pH of the broth was maintained at 7.0. An analysis of tannery soak liquor (collected at various time intervals) revealed that it was mostly enriched in dissolved globular proteins. Composition of soak liquor was found as follows: TKN, 2.5-5 gl À1 ; NaCl, 1.6-3 gl À1 ; total organic carbon, 2-3 gl À1 , and pH, 7-7.5. Considering above characteristics, nutrient broth was selected as a better representative of soak liquor and was employed in the calorimetric studies. Nutrient agar media (Himedia, MO12) was used in the preservation of pure strain. All media were sterilized in an autoclave at 120 C at 15 psi pressure.
Calorimeter. The BioRC1, a heat-flux bench-scale calorimeter by Mettler-Toledo (Schwerzenbach, Switzerland), is shown in Fig. 1 . It is a 1 liter jacketed glass reactor that can operate in isothermal, adiabatic, or isoperibolic mode. For biological reactions, the calorimeter should always be operated in isothermal mode to avoid excessive accumulation of heat inside the reactor that may affect the growth of cell culture. In isothermal mode, the temperature of the reactor (T r ) was held constant by proper control of the jacket temperature (T j ) by circulating low-viscosity silicone oil at a high rate (2 ls À1 ) through the reactor jacket. Blending oils from hot and cold oil circuits, by an electronically controlled metering valve, carefully controlled the jacket temperature. Thus, a process dissipating or taking up heat resulted in a decrease or increase in T j , leading to a temperature gradient across the reactor wall directly proportional to the thermal flux liberated or absorbed by the process (q r ) as per
where, UA is the overall heat transfer coefficient, T r is reactor temperature ( C) and T j is the jacket temperature ( C). The overall heat transfer coefficient, UA was experimentally determined for each experiment by an inbuilt calibration heater. The heat flux values were continuously monitored and evaluated with WINRC software. The principle of operation and calorimetric heat determination from the reaction calorimeter are well documented.
12) The metabolic heat (heat flux) measured from microbial growth (q) given by eq. (1) was corrected for the constant baseline heat production. Baseline heat is the sum of external heat loss (loss due to aeration, environmental heat loss) and heat input in to the system (stirring power, heat accumulation, and dosing heat). Inoculum was added after static baseline heat signal (q b ) was observed, and similarly baseline signal was noted at the end of experiment (endogenous phase). This baseline heat value (q b ) was carefully eliminated from the heat evolved due to biological processes. The value of metabolic heat flux during the bioprocess (q r ) was determined by deducting the measured q (from equation 1) from that of the base-line signal: 1, Motor for stirring; 2, reactor; 3, oil circulation tank; 4, calibration heater; 5, T r sensor; 6, T j sensor.
Power-time curve was obtained by plotting heat flux (q r ) against the corresponding time. Heat-time curves were obtained by plotting cumulative heat values (calculated from power-time curve by integrating for specified time intervals) against the corresponding time.
Glucose analysis. Glucose analysis was performed by phenol-sulphuric acid assay 13) and Di-nitro-salicylic method.
14) The culture broth was taken from the calorimeter (BioRC1), the cells were separated by centrifugation, and the supernatant was used in the glucose analysis.
Total Kjeldahl Nitrogen method. Peptone content in the sample (supernatant) taken from BioRC1 was monitored indirectly by estimation of Total Kjeldahl Nitrogen (TKN). 15) Growth of P. aeruginosa. The growth of P. aeruginosa was monitored spectrophotometrically and by gravimetric method. Samples withdrawn at regular time intervals from calorimeter were analyzed for growth of P. aeruginosa by recording the absorbance in a UV-Spectrophotometer (Shimadzu, Kyoto, Japan UV-2101PC) at 600 nm. By gravimetric method, samples taken from the calorimeter were centrifuged at 10,000 rpm for 5 min. The supernatant was decanted and cells were separated. The harvested cells were freed from soluble salts, nutrients and waste products by washing thrice with sterile water, and their dry weights were recorded after 24 h of drying at 80 C.
Results and Discussion
Agitation rate One % (v/v) seed culture of P. aeruginosa was grown on NB medium in BioRC1 at 37 C at pH 7.0. Turbine type impeller was employed for effective mixing and oxygen transfer. Aeration was done using an aqua pump. The flow rate was controlled by rotameter at 1 l min À1 . A minimum Dissolved Oxygen (DO) concentration value (2 ppm) was maintained inside the calorimeter to ensure aerobic conditions. Table 1 shows the absorbance values obtained at varying available agitation rates, 100, 120, 140, 160, and 180 rpm. The increase in agitation rate resulted in substantial increase in growth of P. aeruginosa. Cumulative heat generated due to metabolic activity of P. aeruginosa at these speed variations was obtained from calorimeter and comparative results were given in Table 2 . Heat added due to stirring power was systematically eliminated using baseline heat values. The increase in total metabolic heat generated with increase in agitation rate could be attributed to enhanced oxygen transfer, which resulted in enhanced substrate consumption as well as growth of P. aeruginosa. In our experiments, increase in stirring rate above 160 rpm (180 and 200 rpm) resulted in excessive foaming and fall in growth of P. aeruginosa. Hence in further calorimetric experiments, the optimum agitation rate was fixed at 160 rpm.
Aeration rate
Aeration rate was varied through the three different ranges available from the air blower (0.5 l min À1 , 1 l min À1 , and 1.5 l min À1 ). Increase in aeration rate above 1.5 l min À1 resulted in excessive foaming and severe turbulence of mixing, which disturbed the measurement of metabolic heat production. Comparative results for the growth of P. aeruginosa are given in Table 1 . From the analysis of results, it was observed that at 1.5 l min À1 maximum growth of P. aeruginosa occurs, and hence 1.5 l min À1 was fixed as the optimum aeration rate in further experiments.
Temperature A biocalorimeter (BioRC1) was run at four different operating temperatures, 25 C, 32 C, 37 C, and 40 C. Samples were taken for each run at regular time Tables 1 and 2 . The strain showed optimum growth in the mesophilic range (ambient temperature, 37 C). P. aeruginosa adapts at other temperatures too, but slowly. Total metabolic heat generation was evaluated from power-time curve obtained for the growth of P. aeruginosa at the above stated temperatures. Metabolic heat evolution for the exponential growth phase of P. aeruginosa was considered for estimation of total heat. The results are given in Table 2 . A total metabolic heat value of 17.85 kJ g À1 (exothermic) determined for culture grown at 37 C.
Calorimetric experiments
Prior to calorimetric experiments, shaker level studies were performed to determine the effect of glucose on growth of P. aeruginosa in NB medium. Glucose concentration was varied at small increments and 0.5% (w/v) of glucose conc. was found to be the limiting value for the optimum growth of P. aeruginosa (results not shown). In biocalorimeter, P. aeruginosa was cultivated in NB media (750 ml) under optimized conditions, and glucose concentrations were varied by small increments (limiting concentrations) of 0.1%, 0.2% and 0.3%. Batch runs were performed in BioRC1 for each glucose concentration until the culture reached its endogenous death phase. Samples were collected at regular intervals and analyzed for glucose concentration, growth of P. aeruginosa, and peptone uptake. A comparative plot of growth profiles for P. aeruginosa in biocalorimeter at three different glucose-limited concentrations (0.1%, 0.2% and 0.3%) on NB media is shown in Fig. 2 .
It can be seen that 0.2% is the limiting value for glucose dosages. Further increase in glucose concentrations did not show any remarkable increase in the growth of P. aeruginosa. In case of shaker studies, a higher amount of glucose (0.5%) was found to be the limiting value. The difference in the limiting value of glucose by P. aeruginosa as between shaker and BioRC1 was probably due to dissolved oxygen (DO) conc., effective mixing, and agitation in BioRC1 as compared with shaker studies. A sufficient level of DO concentration in BioRC1 also accelerated the rapid uptake of glucose and peptone. A comparative plot of heat flux, cell dry weight, peptone uptake and glucose uptake of P. aeruginosa in biocalorimeter on glucose (0.3%) limited-NB media is shown in Fig. 3 . Powertime curve indicated the current activity of the cell culture, and changes in slopes of the curve showed the effects of limiting factors on metabolic activity of P. aeruginosa. On the basis of the power-time curve, the behavior of the cell culture was deduced. Phase 1 in Fig. 3 (0-10 h) comprises both lag and earlier exponential growth phases, where the culture adapted to the NB media and effectively utilized the glucose. In this phase, 70% of glucose was metabolized, and a low uptake of peptone (20%) was observed. This indicates that P. aeruginosa initially adapts in NB media slowly and rapidly metabolizes glucose present in the media. In view of the fact that glucose is a well-known reduced substrate, the bacteria under study utilized glucose effectively and also co-metabolized peptone present in NB media at slow rate. The peptone depletion profile in Fig. 3 further confirms the slow adaptation of P. aeruginosa in NB media in phase 1. From Fig. 3 , it can be seen that there is no marked increase in growth of P. aeruginosa in phase 1. Maximum heat flux (0.5 W) observed in phase 1 further suggests that glucose dissimilation by P. aeruginosa contributes the major heat release. A sudden rise in growth profile in phase 2 ( Fig. 3) corresponds to initiation of exponential growth of P. aeruginosa. In phase 2 (10-14 h), P. aeruginosa utilized peptone as sole carbon source for growth, even though considerable amount of glucose (1.08 gl À1 ) was present in the growth medium. Presence of excess amounts of glucose (0.3%) in growth medium did not cause marked increase in growth of P. aeruginosa and thus 0.2% was considered the optimum glucose dosage for better growth. This kind of diauxic trend was observed in both growth curve (phases 1 and 2) and power-time curve. Figure 4 depicts comparative heat flux profiles due to the growth of P. aeruginosa at varying glucose concentrations, 0.1%, 0.2% and 0.3%. All these heat flux profiles exhibit two different phases namely 1 and 2. Phase 1 corresponds to rapid glucose uptake by P. aeruginosa and slower adaptation of culture to the growth media. Phase 2 corresponds to diauxic growth nature of P. aeruginosa, where the bacterium utilizes peptone as its carbon source after complete exhaustion of glucose in phase 1 and also a rapid increase in growth of P. aeruginosa. After complete consumption of glucose, heat flux dropped to a lower value (at end of phase 1). Switching from limiting (glucose) to excess nutrient concentration (peptone) resulted in specific intermittent profiles of heat flux. The subsequent increase in heat flux was due to a change in metabolic pathway. P. aeruginosa excretes alkaline proteases to hydrolyze the peptone present in the cultivation medium. It is interesting to note the existence of these phases, 1 and 2, in all the heat flux profiles generated due to growth of P. aeruginosa in varying glucose-limited NB media. The increase in glucose concentration from 0.1 to 0.3% on NB media prolonged the duration of phase 1 from 8 h to 12 h. Phase 2 exhibited a sudden rise in growth of P. aeruginosa as compared to its growth in phase 1. This clearly indicates that the bacterium is more active in depleting the energy-rich source, glucose, rather than in cell multiplication. The shifts (phases 1 and 2) observed in heat flux profiles at all varying glucose conc. runs (0.1%, 0.2% and 0.3%) substantiate the application of calorimetry in monitoring the online metabolic activity of bacteria under study. Total metabolic heat generated was evaluated from phase 1 of heat flux profiles resulted from the growth of P. aeruginosa at three different glucose concentrations (0.1%, 0.2% and 0.3%) using WINRC (Mettler-Toledo, Switzerland) software. Total heat production increased steadily to a maximum from 0.1% (6.2 kJ g À1 ) to 0.2% (10.4 kJ g À1 ) to 0.3% (11.85 kJ g À1 ) glucose levels. Calorimetric experiments were also performed for other concentra- tions (0.4%, 0.5%, etc.), which did not cause increase in growth of P. aeruginosa or metabolic heat generation (results not shown). A maximum of total metabolic heat was evolved at a glucose concentration of 0.3%. Figure 5 shows a comparative plot of heat-time curve and growth curve exhibiting all lag, exponential, and stationary growth phases for P. aeruginosa. The heattime curve is similar to the growth curve of culture obtained from cell dry weight measurements. The pattern appearing in heat-time curve can be considered an analog of the pattern of growth curve. Comparison of heat and power-time curves for the growth of P. aeruginosa has interesting results. Heat-time curve shows a gradual increase like that of the exponential growth of cell culture. With complete conversion of glucose (t ¼ 8:33 h), the cell culture lacked its carbon-source for further growth of P. aeruginosa. Under these circumstances, the cells appear to utilize peptone as the carbon source. A sudden rise in growth and heat values was observed corresponding to exponential phase (8.33 to 12 h). In contrast to heat-time curve, power-time showed a sharp decrease when glucose limitation became relevant. This implies that calorimetry can be employed to monitor the metabolic activity of P. aeruginosa adapted to a glucose supplemented-growth medium.
Estimation of heat-yield coefficients
In order to determine the energy efficient process in a bacterial metabolism (anabolic or catabolic), to observe the substrate shifts, and to validate stoichiometry, it is necessary to estimate the yield coefficients. Heat yield due to growth (anabolic) of P. aeruginosa (Y Q/X ) was calculated by finding the average value of slope from a plot between cumulative heat and cell dry weight of P. aeruginosa. Similarly, heat yield (catabolic) due to glucose consumption (Y Q/G ) values was calculated by finding the value of slope of a plot between cumulative heat and glucose uptake. Heat yield due to growth (Y Q/X ) was found to be 21.96 J g À1 , and heat yield value due to glucose uptake was (Y Q/G ) 4.8 J g À1 . Both the heat yield values were found to be much lower than the standard values of single C-substrates for pure aerobic processes. 16) Determination of both heat yield values for the growth of P. aeruginosa in the glucose-limited NB medium revealed that the bacterium was more active in degrading the energy rich-source, glucose, and exhibited diauxic metabolism by up taking peptone as a C-source after exhaustion of glucose present in medium. Conclusion P. aeruginosa was successfully cultivated in a glucose-limited NB medium utilizing glucose as a preferential energy source in a bench-scale calorimeter (BioRC1) under aerobic conditions. Power-time curves were found to depict clearly the diauxic behavior of P. aeruginosa in the glucose-limited growth media. Heat-time profiles were found to follow the growth profile. Both calorimetric and growth experiments indicated that a 0.2% glucose concentration was the limiting value for optimal growth of P. aeruginosa. Heat yield coefficient values estimated for growth of P. aeruginosa in mixed substrate medium were found to be low as compared with the standard yield values for single substrate system reported in literature. 
